Because of the impacts of extreme climate, the severity, areal extent, and frequency of rainstorm events are rapidly increasing, especially in the Huai River Basin of China. This article is based on hourly precipitation data of 229 meteorological stations from 1951 through 2012, combined with statistical and meteorological theory. We used the Mann-Kendall mutation test, moving -test, and inverse distance weighting spatial interpolation to analyze the spatiotemporal evolution of precipitation, duration, intensity, and frequency of isolated rainstorm events under climate change. The main results are as follows: (1) isolated rainstorm events were obviously bimodal and their occurrence moved backward in time. Their average duration and time of maximum intensities changed dramatically, without a significant increasing trend. The period since the 2000s has seen an increase of rainstorms and their temporal regression across the entire basin. (2) The intensity of isolated rainstorm events in the study area decreased, but precipitation, its duration, areal extent, and frequency had increasing trends basin-wide. (3) Four rainstorm event indices were examined for the period of 1990-2000. Relative to the years before 2003, the average precipitation increased by 2.1%, the average total duration by 8.1%, and the average frequency of occurrence by 25.5%. All indices show smaller minimum and larger maximum values. Overall, the isolated rainstorm events tended to increase.
Introduction
Climate change and variability have already affected global ecosystems and biodiversity and the socioeconomy [1] . In recent decades, there have been many significant changes caused by extreme climatic events, which can lead to devastating effects on human society and the environment [2, 3] . These impacts are likely to be more pronounced in the future [4] . Heavy precipitation events have been increasing since 1950 [5, 6] . With rising temperatures, the trend of extreme precipitation events may accelerate [7] . Such precipitation events can trigger local river flooding disasters, which will damage a lot of farmland, environmental facilities, and so forth [8] . Based on measurements at meteorological stations in the Huai Basin, Du et al. showed that annual maximum precipitation has had a rising trend [9] . Fu et al. demonstrated an increasing trend of extreme precipitation events in the Yangtze River Basin [10] . Liu et al. analyzed change of extreme temperature and precipitation in China, and the results indicate a rising trend in precipitation days [11] . They also showed that variability in extreme precipitation produces uneven spatiotemporal distribution [12] . Climate change in China is unequivocal [13] [14] [15] [16] . The average atmospheric temperature is 1.23 ∘ C higher than that in the 1950s, based on measurements at 156 meteorological stations [17] . Average temperature increased by approximately 0.035, 0.03, 0.018, and 0.02 ∘ C/year respectively, in northwestern, northeastern, southwestern, and southeastern parts of the country over the past 60 years [18] [19] [20] [21] . In recent years, affected by El Niño, rainstorm disaster frequency and duration in China have increased [22, 23] . Thus, in the storm and flood season, there is an urban waterlogging phenomenon in the country that will become more serious. This has negative effects on the regional ecological environment and socioeconomy. Currently, research into rainstorm events has been largely based on atmospheric circulation or water vapor transport, in order to analyze a specific event. Most studies have used a single indicator for the event, which can elucidate the cause of a single case in detail [24] [25] [26] [27] . However, there has rarely been a study of patterns emerging from a large number of cases. Furthermore, research into rainstorm processes often takes provincial and municipal administrative regions as main objects and treats the relationship between city waterlogging and those processes [28] [29] [30] [31] [32] [33] , but investigations of entire basins for isolated rainstorm events are few. Such an event lasts for short periods, typically a few hours. High temporal-resolution (e.g., hours) heavy rainstorm data can be used to accurately describe basic characteristics of physical processes in an isolated event; however, given limitations of data accuracy in space and time, prior research into rainstorms was largely of daily precipitation change, and few studies have used high-resolution data to study the change of rainstorm processes [34, 35] .
In this paper, the Huai River Basin is the study area, where rainstorms are frequent and intense. Using high-resolution hourly precipitation data collected over the last 62 years and combining statistical methods with the actual situation of the basin, we analyzed the impact of the extreme climate on the rainstorm process for the period of 1951-2012. We examined spatiotemporal variability of rainstorm events in the basin under the background of extreme climate and the response of rainstorm indicators to that change, thereby providing a scientific basis for the distribution and building of hydraulic engineering facilities in the basin and the construction of a "sponge city" at basin scale. Figure 1 ). The western, southwestern, and northeastern parts of the basin contain the Funiu, Dabie, and Yimeng Mountains, respectively, constituting ∼ 3.3% of the total basin area [36] . Mountainous and plain areas are 9.1 × 10 4 and 1.8 × 10 5 km 2 , respectively, and the annual average precipitation is 880 mm [37] . The spatial and temporal distributions of precipitation are very asymmetric, and the interannual variation of precipitation is very large so waterlogging disaster has also become more serious since 1950 [38] . Flood disaster caused by heavy rain has become one of the "bottleneck" factors that restrict the development of ecology, economy, and society in the Huai Basin, and this situation will persist for years. In this paper, we mainly address spatiotemporal changes of isolated rainstorm events in the basin.
Study Areas and Data Sources

Observed Data.
We used hourly precipitation data (from 1951 through 2012) from 229 meteorological stations in the Huai River Basin. Stations near the basin boundary were also considered ( Figure 2 ). The data for the study period were chosen for their continuous availability without interruption. The number of rainstorms and total number of stations in various years are shown in Figure 3 . Climate data were obtained from the China Meteorological Data Sharing Service System (http://data.cma.cn/). Basic terrain data were acquired from the National Basic Geographic Information System of the Huai River Basin (1 : 250000). Social and economic data originated from the Statistical Yearbook of China, whereas related data of the water conservancy project in the basin were taken from the latest Water Conservancy Survey.
Methodology
Definition and Screening of Isolated Rainstorm Events.
The classification of rainfall events was based on the shortest time between rainfall events [39] . Cumulative rainfall ⩾50 mm/24 h has been used as the definition of isolated rainstorm events [40, 41] . That is, in prior research, 24 h was taken as the division for the next rainfall events, based on daily precipitation data. However, per our research aims, we could not artificially separate an isolated precipitation event into different parts according to 24 h days. This is because storms are too frequent in the Huai River Basin. [46] [47] [48] . It calculates the standardization of time series statistics to determine the change trend of sequence .
> 0 means increasing (rising) and < 0 means decreasing (falling). | | > 1.282 indicates that the time series reached 90% significance, and | | > 1.645 indicates the attainment of 95% significance [49, 50] .
Abrupt Change Test of Isolated Rainstorm
Events. Mutation of the climate sequence is an important and widespread phenomenon. This indicates a climate jump from one stable state to another. There are many ways to study climatic mutations that increase the reliability of testing for such mutations. Based on qualitative understanding of the spatial distribution and evolution of rainstorm events, we selected the MK mutation test and sliding -test.
MK Test. MK is a common method for studying mutations. The samples do not need to follow a certain distribution and are unaffected by interference from a few outliers [51] . Under the independent assumption of random time sequence, we established
where UF is for the standard normal distribution according to the time sequence 1 , 2 , . . . , , as calculated by the following sequence of statistics. We used UF and UB, which represent the curve of statistical sequence and reverse curve for various indicators of rainstorm events, and these were given a level of significance (e.g., = 0.05), that is, U0.05 = ±1.96. A UF or UB value greater than zero indicates a rising trend, and a value less than zero a downward trend.
Moving -Test.
The moving -test is a statistical method of mutation that tests the differences of 2 groups of sample means. The key to the test is to study the mutation to determine if there is a significant difference between the 2 groups. [52] [53] [54] . The equation for the moving t-test is
In the data sequence of 62 years there may be multiple mutations. The 2 methods above have advantages and disadvantages. Thus, it is appropriate to combine the MK test and moving -test to determine the mutation year.
Results and Discussion
Temporal Variation of Rainstorm Processes.
After statistical processing of isolated rainstorm data from the Huai Basin, we found that rainstorm events were mainly between May and September (with the monthly average more than twice the annual average). Each event duration was generally 1-3 days, which accounted for 94.3% (24,536 instances) of the annual total. The frequency of isolated rainstorm events between the 1950s and 2000s is shown in Figure 4 , which reveals a clear coexisting trend of "longer and extreme." To study changes of isolated rainstorm processes, we selected the representative period between May and September using intervals of every 10 days. We used "ftd," "mtd," and "ltd" to represent the first 10, middle 10, and last 10 days of a month, respectively.
(1) Start Time of Isolated Rainstorm Events. There were differences in statistical data series and number of meteorological stations between years. Thus, we used the ratio of the frequency of isolated rainstorm events in each 10-day interval divided by the total number of isolated rainstorm events in that interval as the contribution rate ( ), to analyze variations in the start time of isolated rainstorm events ( Table 2) .
The event start time showed a bimodal character during the year and obvious differences between the 10-day intervals (Jul ftd) = 17.39%. This finding accounted for the highest percentage in the first and middle 10 days of July. Therefore, the highest contribution rate of event occurrence time in the 1950s to 1960s was in the first 10 days of July, gradually decreasing to the first maximum value of intensity. Then, in the last 10 days of July and the first 10 days of August, there was again a rising trend, toward the second peak period. In that period, the onset of isolated rainstorm events moved backward in time. In the 1970s-1990s compared with the 1950s-1960s, the highest shifted to the middle 10 days of July. During the 2000s, the highest returned to the first 10 days of that month. When we compared it with the period earlier than the historical period, there were 2 obvious peak periods overall. The major peak concentrated in mid-July, and the secondary peak in the last 10 days of August.
(2) Duration of Isolated Rainstorm Events and Their Peak
Intensities. Figure 6 shows interannual variation of the average duration of isolated rainstorms and their time to attainment of peak intensities at 229 meteorological stations in the basin between 1961 and 2012. This includes annual variation of the duration of isolated rainstorms and time of their peak intensities (panels (a) and (b)) and of anomaly percentages of the duration and time of their peak intensities (panels (c) and (d)). These diagrams show the following: (1) the duration of an isolated rainstorm (panel (a)) and time of peak intensity (panel (b)) had increasing trends, between 0.2 h/10 a and 0.1 h/10 a, respectively. The MK rank correlation test calculated the -values of the duration peak intensities at 1.2270 and 0.9476, respectively, neither of which was significant. (2) The longest duration of attaining peak rainstorm intensity was in 1969, at 10.20 h. There were other long durations in 1967, 2000, 1968, 2007, and 2003, around 9.50 h. The shortest duration of attaining peak rainstorm intensity was also in 1969, only 4.25 h. (3) The average duration of an isolated rainstorm and time to attainment of its peak intensity, as well as the interannual percentage variation of their anomalies changed dramatically in the Huai Basin. The anomaly percentage is in the range ±20%, which means that the yearly duration is very similar to the average of many years. By analyzing the anomaly percentage of the average duration of an isolated rainstorm, we found 58 years (which accounted for 93.6% of the total number of years) for which the duration was similar to the long-term average. There were 4 years (3.3% of all years) in which the anomaly percentage was less than −20%, and no year had >20%. By analyzing the anomaly percentage of the average time to attainment of peak rainstorm intensity, we found 49 years (79.0% of the total years) for which the duration was similar to the long-term average. There were 11 years when the anomaly percentage was less than −20% and 2 years when it was >20%, representing 17.7% and 6.4% of the total number of years, respectively.
Spatial Distribution and Evolution Analysis (1) Spatial Precipitation Distribution of Isolated Rainstorm
Events. As seen from the spatial precipitation distribution (Figure 7 ), large precipitation values of isolated rainstorm events were upwind of mountainous areas, that is, west of the Huai midstream (Figure 1 ) and the Yishusi River Basin. In the 1960s-1980s, the average annual precipitation of the events showed a decreasing trend, but isolated rainstorm precipitation in the southern mountainous areas was relatively heavy. In the 1950s, an area of maximum precipitation appeared in the Northern Yishusi Basin in contrast with other periods. The reason for this difference was that this basin had rainstorm floods in 1957. The spatial pattern of isolated rainstorm events has been affected by the monsoon circulation since the 1990s, leading to increased precipitation in the south and decreased precipitation in the north. Some isolated areas of heavy precipitation values are related to terrain, especially piedmont windward areas. In the 2000s, the spatial extent of the isolated rainstorm average precipitation substantially increased. Overall, the isolated precipitation increased in the Southern Huai Basin and decreased in its north. Hence, the probability of "southern flood and northern drought" in the basin will increase. factor causing the anomaly of precipitation events. It will cause the study area to be affected by various weather systems, and these relationships might be effective targets for future physically based work. The spatial distributions of average occurrence frequency of these events across different periods were basically the same (Figure 9 ). They all showed a gradually increasing trend from northwest to southeast. Areas of high frequency interannual variability showed a gradually increasing trend in the southwest, and the extent of these areas increased. The increasing trend of the events and frequency of occurrence over the entire basin were significantly affected by extreme climate beginning in the 1990s.
(4) Spatial Distribution of Intensity of Isolated Rainstorm
Events. The spatial distribution of isolated rainstorm event intensity was very similar to that during the 1960s-2000s. The intensity substantially decreased from northwest to southeast in the basin (Figure 10 ). The dominant event intensity in the 1960s was ∼5-6 mm/h, which gradually declined to ∼4-5 mm/h in the 2000s.
Mutation Analysis.
As stated above, extreme climate has had a profound effect on the process of isolated rainstorm events in the Huai River Basin. Based on qualitative understanding of the spatial distribution and evolution of such events, we determined the mutation points of various indicators by combining the MK abrupt change and moving t-test methods. This combination provides scientific and reasonable means to confirm the indicator mutation points.
On inspection of Figure 11 (a), we see that the intersection of the UF and UB curves occurred in 2003, after which there was an upward trend. However, there was no mutation in 2003 from the moving t-test; it showed a mutation in 1984. From the MK statistics curve (Figures 11(d) , 11(f), and 11(h)), the UF and UB curves of average duration and rainstorm frequency intersect in 2003. The UF statistics of 3 types of MK curve have the same direction and increasing trend, but the moving t-test statistics curve (Figures 11(c) , 11(e), and 11(g)) indicates no point at all. Analogously, for event intensity changes, from the MK statistics curve, the UF and UB curves intersected around [1955] [1956] [1957] [1958] (Figure 11(h) ), but the moving -test showed no mutations in this period, but there was 1 in 1990 (Figure 11(g) ). This discrepancy is attributable to the shortcomings of the 2 methods. From both the statistical yearbook and flood control plans in the Huai Basin, we know that there were persistent rainstorms in July 2003. With the background of El Niño events during 2002-2003, extreme precipitation across all of southwestern China was mutated [55] . This means that the MK mutation test for precipitation, duration, and frequency was more accurate. Correlation data also indicates that, in 1991, there was widespread severe flooding in the Changjiang-Huai River Basin, with greater intensity and more extensive areas of impact rarely seen in a calendar year [56] . This shows that the moving t-test had a more accurate detection of the mutation of intensity. From the combined analysis above, we confirmed the mutation points of the various indicators. Then, using the MK rank correlation test, we obtained the specific results as follows in Table 3 .
As shown in Table 3 , before 1990, isolated rainstorm intensity ranged from 4.1 to 7.8 mm/h. However, in later years, the lowest intensity was 3.9 mm/h and the maximum was 10.6 mm/h, so the maximum value increased. Compared to the years prior to 1990, average event intensity decreased 9.36%, minimum intensity declined 4.9%, and the maximum increased 35.9%. Except for a significant intensity decrease (Figure 13 ), the indicators of precipitation (Figure 12 ), frequency (Figure 15 ), and duration (Figure 14 ) of the events all showed an increasing trend. Relative to the years before 2003, average precipitation increased by 2.1%, average duration by 8.1%, and average frequency of occurrence by 25.5%. Obviously, the current situation of isolated rainstorm events reveals a very high frequency and long duration. Moreover, all indicators show decreasing minimum values and increasing maxima, which threatens to greatly increase abrupt alternation between drought and flood disaster risk.
Based on the above analysis of the study area, it has been shown that, after the 1990s, the event of rainstorms in the whole area showed the influence range increased, as did the characteristics of long duration and high frequency. The combined influences of topography, monsoon circulation, and vapor transportation were the possible causes of the phenomenon. Previous studies reveal that the frequency of extreme climate events shows a close linkage with changes in extreme precipitation that are positively correlated 
12 mm/h and above with the total precipitation [57] [58] [59] [60] . Macroscopic analysis of climate variability was taken into consideration under the background of large-scale atmospheric circulation [61] [62] [63] [64] [65] . Former studies set in Eastern China concluded that regional climate extremes could probably be modulated by several circulation patterns or oscillation indices, including the Western North Pacific Monsoon Index (WNPMI), the Arctic Oscillation Index (AOI), and the East Asian Summer Monsoon Index (EASMI) [66] . Additionally, other factors, such as total annual precipitation, northward movement and enhancement of the subtropical anticyclone, and anthropogenic ally induced greenhouse forcing, can also contribute to the changes in extreme climate events. The Huai River Basin is an area strongly influenced by the East Asian Monsoon system that has experienced a significant increase in rainstorm events together with upward trends of precipitation and duration. It has characteristically large precipitation and temperature variability, which lead to a higher frequency of isolated rainstorm events as well as severe and persistent floods [67] . Because of the ascent of water vapor in the Figure 12 : Spatial distribution of isolated rainstorm event precipitation, before and after mutation time.
High: 10. Figure 13 : Spatial distribution of isolated rainstorm event intensity, before and after mutation time.
atmosphere, the increase of temperature is deemed to be correlated with the recent increase in extreme precipitation events [68] .
Conclusions
Since the 1950s, the magnitude and frequency of extreme precipitation events in the Huai River Basin have been on the increase. The present study used hourly resolution data to define isolated rainstorm events and analyze the variation of onset time and time to attainment of peak intensity, as well as the variation of precipitation, duration, intensity, and frequency of such events. We present the spatiotemporal variation of these events in the basin; however, the longterm climatological average period may have some effects on extreme climate, and so it may be limited in its use to measure climate change in other shorter periods analyzed. The lack of physically based reasoning for the statistically based results and conclusions given is another limitation of our study. Given the well-known uncertainties of climate change projections, there is also a danger of extrapolating the statistically based results of this paper in the future, Figure 15 : Spatial distribution of isolated rainstorm event frequency, before and after mutation time.
for example, as they relate to water resource management and planning and flood/drought disasters. Future, physically based work is needed to confirm our results.
Based on the latest water census data and a map of large reservoirs in China (Figure 16 ), we see that the distribution of the 44 large reservoirs in the basin is incompatible with that of the isolated rainstorm events. Most of the latter are in the southwestern area upstream of mountains and in the midstream area, as well as in the central and northern parts of the Yishusi Basin. In the central midstream and entire downstream area, there are almost no large reservoirs. However, over the last 20 years with strengthening impacts of climate change, areas with isolated rainstorm events have covered nearly the entire basin, and the uneven distribution of large reservoirs will seriously affect flood control abilities. Between 1950 and 1979, China completed the construction of numerous water conservancy projects under the "Great Leap Forward." The country now has 87,000 reservoirs, 59% of which were built in the Huai Basin during the 1950s and 1960s. These reservoirs have now reached the limits of their design service life of ∼50 years. Because the frequency of rainstorms has significantly increased, the percentage of reservoir fill has obviously increased in the basin, so the threat of rainstorm disaster is much greater than before. Therefore, we suggest strengthening the capabilities of planning and management in water conservancy projects and making the layouts and distributions of those projects more reasonable. By combining the MK abrupt change and the movingtest methods, we comprehensively determined the mutation points of different indicators. All indices of rainstorm events were shown to mutate during the 1990s-2000s. The indicator of rainstorm intensity showed a significant decreasing trend in 1990. Mutations of other rainstorm indices occurred in 2003.
More frequent and extreme rainstorm events greatly increase the risk of abrupt alternation between drought and flood disaster, which are already typical in the Huai River Basin. The direct mechanisms of anomalous drought and flood disaster were abnormal precipitation (Figure 17 ), isolated rainstorm events as mutation points, and frequent anomalous droughts and floods greatly impacting the socioeconomy, people's livelihoods and the ecological environment. In recent years, urban rainstorms in the basin have been severe; "a flood every few years" in the past has now
